We demonstrate that routine PCR product analytical agarose gels can also serve as preparative gels for quick DNA template purification before sequencing. The band of interest is excised, placed into a Gel Nebulizer ™ inside a Micropure ™ separator and rapidly purified in a single centrifugation step. Gel-purified PCR product, suitable for manual and automated sequencing, is delivered within 10 min.
INTRODUCTION
The polymerase chain reaction (PCR) is widely used to prepare product for DNA sequencing. High specificity and good yield are considered prerequisites to the generation of high-quality DNA sequence data directly from PCR product. However, despite measures taken to standardize PCR set-up and cycling parameters, considerable product variation can be observed between samples. PCR products thus require analysis by agarose or polyacrylamide electrophoresis to assess yield and purity before sequencing.
Numerous methods have been devised to purify PCR products from unincorporated components and undesired by-products, which interfere with direct DNA sequencing. Shrimp alkaline phosphatase treatment combined with exonuclease I digestion is one method used to remove excess primer, singlestranded (ss)DNA and unincorporated nucleotide triphosphates from PCR products (5) . However, the inability of these enzymes to remove common undesired by-products of the PCR, such as primer dimers and larger nonspecific amplification products, limits their usefulness. Other methods for preparing PCR product for DNA sequencing include cloning or isolating ssDNA from a strand-specific biotinylated PCR product with immobilized streptavidin (2) . When available and applicable, nested sequencing primers can eliminate DNA sequencing problems caused by the presence of spurious PCR products. Ultimately, all these strategies yield highquality sequence data, but the procedures are labor-intensive and can consume a disproportionate share of laboratory resources.
Removal of unincorporated nucleotides and primers from PCR product can be achieved before DNA sequencing by centrifugal ultrafiltration devices such as the Millipore Microcon ® -100 microconcentrator (3). Centrifugal ultrafiltration devices remove the majority of primer dimers from PCR, but larger nonspecific amplification products (>50 bp) will still interfere with DNA sequencing. High background from small nonspecific amplification products and from primer dimers can be the most common artifacts discovered upon DNA sequencing. Although large nonspecific amplification products are easily detected using analytical gel electrophoresis, small DNA contaminants often remain undetected until after DNA sequencing.
the GeneAmp ® PCR Reagent Kit (Perkin-Elmer, Norwalk, CT, USA). Control Primer No. 1 (5 ′ -GATGAGTTCGTGTC -CGTACAACTGG-3 ′ ) and Control Primer No. 2 (5 ′ -GGT -TATCGAAATCAGCCACAGCGCC-3 ′ ) were used to amplify a 500-bp product from the control template DNA (bacteriophage λDNA) in a 100-µ L reaction volume. The PCR cycling parameters used with the DNA Thermal Cycler 480 (Perkin-Elmer) are as follows: denature at 94°C for 1 min, anneal at 45°C for 2 min and extend at 72°C for 2 min. Twenty-five cycles were programmed, and the extension segment was automatically lengthened by 6 s after each cycle. A "hot-start" procedure (i.e., all the components except polymerase were held at 94°C for 3 min before adding the Taq DNA polymerase) was used to minimize mispriming events, except when simulating suboptimal PCR conditions that might be encountered when using novel primer combinations. After amplification, several PCRs were mixed together to create a uniform pool of starting material for evaluating different purification methods.
Diafiltration of PCR Product
The 500-bp PCR product was purified using a Microcon-100 microconcentrator (Millipore, Bedford, MA, USA). The PCR (50 µ L) containing the 500-bp product was diluted to 500 µ L with TE (10 mM Tris-HCl, pH 8.0, 1 mM Na 2 EDTA) in the Microcon reservoir and centrifuged for 12 min at 500 × gat 25°C. The retentate was diluted with 450 µ L of TE, and the sample was centrifuged as in the last step. The concentrated retentate was recovered by inverting the device into a fresh vial and centrifuging for 3 min at 1000 × g at 25°C.
A popular kit for PCR product purification based on centrifugal devices containing silica-loaded membrane was also evaluated by sequencing-purified, 0.5-kb PCR product. The PCR product was purified on the device following the bind, wash and elute procedure according to the manufacturer's instructions.
Purification of PCR Product from Agarose Gel
Thirty microliters of the PCR containing the 500-bp product were electrophoresed through a 1.2% agarose gel (SeaKem ® LE Agarose; FMC BioProducts, Rockland, ME, USA) that was prepared in either modified 1 ×TAE (40 mM Tris-acetate, pH 8.1, 0.1 mM Na 2 EDTA; 0.5 µ g/mL ethidium bromide) or 0.5 ×TBE (45 mM Tris-borate, pH 8.0, 1 mM Na 2 EDTA, 0.5 µ g/mL ethidium bromide) electrophoresis buffer (4). The Kit for DNA Extraction from Agarose Gel (Millipore) containing the Gel Nebulizer ™and Micropure ™-.22 was used to extrude DNA rapidly from the agarose gel matrix. After trimming away excess agarose, the gel slice (<200 µ L) containing the 500-bp PCR product was placed into the Gel Nebulizer inside the Micropure separator ( Figure  1 ). The device was capped and centrifuged for 10 min at 14 000 × g . The filtrate from Micropure was sequenced without further purification or concentration. The agarose gels were prepared in different electrophoresis buffers to assess buffer compatibility with radioisotopic and automated fluorescent sequencing. DNA recovery was estimated after electrophoresing 10% of the sample volume with known quantities of DNA Mass Ladder (Life Technologies, Gaithersburg, MD, USA).
DNA Sequencing
Diafiltered and gel-purified PCR products were sequenced using the Sequenase ® Version 2.0 DNA Sequencing Kit (Amersham, Cleveland, OH, USA) with the following modifications to the manufacturer's recommended protocol: ten picomoles of Control Primer No. 1 were annealed with between 0.1 and 0.5 pmol of PCR product by mixing primer and template with 2 µ L of 5 × Sequenase Buffer in a final volume of 12 µ L. This mixture was heated for 3 min at 100°C in a thermal cycler, then cooled in an ice-water bath for at least 5 min (<1 h).
A custom dNTP labeling mixture (1.5 mM dGTP, 1.5 mM dCTP) was substituted for the labeling mixture included with the kit. One microliter of [ α -33 P]dATP (ca. 12.5 µ Ci; 2000 Ci/mmol) (NEN Life Science Products, Boston, MA, USA) was added to each labeling reaction. The omission of deoxythymidine triphosphate and the addition of Mn buffer (a component of the Sequenase Version 2.0 DNA Sequencing Kit) to the labeling reaction eliminated the nonspecific background and pauses sometimes observed in DNA sequencing ladders of PCR products (1). To compensate for the premature termination effect imposed on Sequenase by manganese, modified termination mixtures were prepared from the kit components. To prepare the modified ddGTP termination and ddATP termination mixtures, four parts of each stock termination solution were separately added to one part of Sequence Extending Mix (Amersham) . For ddTTP and ddCTP, three parts of each stock termination solution were separately added to two parts of Sequence Extending Mix. Labeling reactions were conducted for 3 min at 20°-25°C and then terminated for 5 min at 37°C. The sequencing reactions were electrophoresed through a 6% Long Ranger ™Gel (FMC BioProducts) prepared in 1 ×glycerol tolerant buffer (Amer - sham). X-ray film was exposed to the dried sequencing gels for at least 18 h. The suitability of the gel-purified, 500-bp PCR product was also evaluated for automated fluorescent sequencing analysis using the ABI PRISM™Dye Terminator Cycle Sequencing Ready Reaction Kit with AmpliTaq ® DNA Polymerase, FS (PE Applied Biosystems, Foster City, CA, USA).
RESULTS

Comparison of DNA Sequencing Results Obtained from PCR Products Purified by Different Methods
When using PCR primers as sequencing primers, an equimolar amount (or less) of a small contaminating PCR product can obscure the DNA sequence close to the primer. Small PCR artifacts do not stain as intensely as an equimolar quantity of a larger PCR product with intercalating dyes. Particularly with sequencing methods that rely on labeled primers or internal labeling for detection, minute amounts of small PCR artifacts can prevent base-calling at certain positions because of polymerase runoff. We incorporated [ α -35 S]dATP into sequencing product to detect polymerase runoff caused by the presence of small co-purifying PCR products.
The major amplification artifacts deliberately generated by suboptimal PCR were revealed by DNA sequencing and autoradiographic detection ( n >10; data not shown). Artifacts ranged from 52-68 bp in length. A strong interfering signal was observed across all four lanes at a position corresponding to a product length of 52 nucleotide (nt) on the sequencing gels. The presence of signal at this same position in all four termination reactions results from Sequenase running off the end of a short template. This is close to the length (48 nt) predicted for a primer dimer formed between Control Primers No. 1 and No. 2. Interfering signals were also consistently observed at nt 63 and 68. Purification of the band corresponding to the 500-bp PCR product from agarose gel prepared in modified TAE buffer reproducibly eliminated ( n= 8) the high background signal (Figure 2 ; reactions 3 and 4), confirming that these were small PCR artifacts that were not completely removed by diafiltration (Figure 2, reactions 1 and 2) .
Faint sequencing ladders were obtained from DNA prepared from 0.5 × TBE agarose gels even when larger amounts of template were added to sequencing reactions. This diminution of sequencing product signal intensity appeared to be related to ethidium bromide and TBE exposure before purification of the PCR product from the agarose gel. Signal intensity returned to normal levels when modified TAE buffer was used in the preparative gel. Care was taken to standardize the amount of DNA added to each sequencing reaction. Templates purified from SYBR ® Green I-stained (Molecular Probes, Eugene, OR, USA) agarose gels prepared in 1 × TAE did not yield sufficient sequencing product ( n= 4; data not shown) for practical detection by autoradiography.
Although usually undetected on typical analytical agarose gels, the presence of small PCR artifacts in optimized reactions was apparent on the autoradiographs where silica-based membrane devices were used to prepare sequencing 316BioTechniques
Vol. 24, No. 2 (1998) templates directly from PCR. These putative PCR artifacts generated apparent runoff sequencing products of about 46 and 62 bases (data not shown). Purifying PCR product directly from agarose gels after analytical electrophoresis (described here) or using nested sequencing primers can alleviate this background problem. It was found that centrifugally extruded DNA from agarose gel slices provided excellent-quality sequencing template without any further purification. When this gel-purified DNA was used as sequencing template, the sequence was easily interpreted from the first nucleotide after the sequencing primer and extended hundreds of bases into the PCR product (Figure 2, reactions 3 and 4) . With gel-purified DNA, none of the small PCR artifacts or superimposed sequences observed from PCR product purified on silica-membrane-based devices were detected. The quality of the sequence DNA from the extruded DNA (Figure 2 , reactions 3 and 4) even surpassed that of diafiltered DNA (Figure 2, reactions 1 and 2) , although the signal intensity was slightly lower.
Similarly, it was found that gel-purified PCR product was an excellent substrate for automated fluorescent sequencing ( n= 4; Figure 3 ). The gel-purified PCR product provided 99.6% accuracy at 474 bases (2 errors in 474 bases). The first error was an ambiguity (N) at nt 58. The second error was an omission 1 nt short of the PCR product terminus at nt 473 (within the opposing priming site).
DISCUSSION
The Gel Nebulizer, when used with a Micropure device to extrude and collect PCR product from agarose, consistently provided better DNA sequence quality than equivalent amounts of PCR product purified with ultra-filters or silicabased membrane devices. The sequence quality from gel-purified DNA was very high if modified TAE electrophoresis buffer and ethidium bromide were utilized in agarose gel preparation. The analytical gel for PCR analysis and the preparative gel for template preparation were one in the same. Even if multiple PCR products are observed on the analytical/preparative gel, they often can be excised and sequenced separately. Thus, PCR optimization becomes less critical to successful DNA sequencing if the PCR products can be resolved electrophoretically. Furthermore, due to the high resolving power of agarose, this procedure allows the PCR primers to be used as sequencing primers without fear of interference from spurious PCR products. Although the utility of gel purification of PCR products for sequencing is highlighted in this report, the purified DNA is also well-suited for cloning (data not shown).
